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1. ABSTRACT 

The R&D work on Fountain Effect Pump systems (FEP systems) has been of interest 

in the competition between mechanical pumps for He I1 and FEP units. The latter do not 

have moving parts. In the course of the work, the energetics has been addressed using one 

part of a simple "4-changes of state" cycle. One option is the FEP ideal change of state at 

constant chemical potential (p). The other option is the two-state sequence p-P with a dp = 

0 state change followed by an isobar. Questions of pump behavior, of flow rate response to 

temperature difference at the "hot" end, and related questions of thermodynamic cycle com- 

pletion and heat transfer have been addressed. Porous media data obtained elucidate 

differences between vapor-liquid phase separation (VLPS) and Zero Net Mass Transfer 

(ZNMF). 

. 
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2. INTRODUCTION 

The project has been started up with the goal of quantification of the energetics of 

fountain effect pump systems (FEP systems) which utilize the thermomechanical effect in 

liquid He 11 in the superfluid range. Mostly 1.2 to 2.1 K is a rough characterization of tem- 

peratures of interest in various large scale systems. In the course of the work it became clear 

that the topics ought to include both the equilibrium state thermodynamics and the transport 

phenomena of the process components. The emphasis has been on micro-gravity noting that 

the first explicit successful use of thermomechanical forces (TM forces) has been in space 

vessels in vapor liquid phase separators (VLPS). The IRAS system has become famous in 

this respect. The ongoing efforts focusing on additional controlled fluid management reach 

out farther. An example is the transfer of liquid in space using the FEP type systems without 

moving parts. Prior to a detailed inspection it appears to be useful to focus on historical 

developments. 

1988 may be considered the half century jubilee year for superfluidity research and 

development. Though indications, such as the lambda transition in liquid Helium-4, have 

been known since Dana and Onnes work, the systematic study of superfluidity did not start 

before about 1938. In that year the thermomechanical effect had been reported by Allen and 

Jones'. the ability of He II to flow 

through very narrow channels. These findings had been the subject of sort of a race as both 

Kapitza2 and Allen and Misene? got data in the area of inquiry. Concomitantly the two-fluid 

model came along with a surprising speed in view of entirely new phenomena, the 

"supereffects" of He II. In particular, the London version became accessible to Western 

researchers while the Landau version remained in the Eastern domain at first. Thus, major 

theoretical developments gave immediate support to data interpretation efforts. 

Nearly simultaneously, superhidity was found, i.e. 
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It did not take long time, after the advent of the Collins liquefier, to launch demonstra- 

tions of the fountain effect, and of the static version of the thennomechanical effect, in major 

universities having "Collins" systems. Thus, many additional phenomena of the underlying 

physics got significant attention. An example is the resolution of first sound in He 11, the 

usual pressure density disturbance propagation, and of second sound, the temperature entropy 

mode. Other sounds modes followed e.g. third sound, fourth sound and fifth sound. 

A comprehensive program of research had been started by Hammel and Keller4 in the 

area of He II film flow and in thermodynamics and transport phenomena. In particular very 

fine slits were used to see the fountain effect thermostatics. According to London's equation, 

the thermomechanical pressure increment is given by 

S = entropy per unit mass, p density. 

Therefore, the difference in pressure due to a temperature difference A T is 

In the context of this equation, Hammel and Keller obtained limits imposed on the maximum 

value of@ attainable. Also critical velocities appeared to be an obstacle toward immediate 

full utilization of the pressure difference predicted by equation (2). Indeed kinetic energy 

effects had to be taken into account. An example used in the two-fluid kame of equations is 

V(P + = 0 (2.3) 

The kinetic energy, per unit mass, of flowing superfluid is v&; p is the chemical potential per 

unit mass, v, superfluid velocity. The entire set of data has not been easily accessible to sim- 

ple theory as there were numerous critical velocity values for various modes. In this context, 
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the entropy was checked in detail because of concerns of entropy contributions not assigned to 

normal fluid alone. Nevertheless, a special mode called zero net mass flow was among the 

early systems studied. It turned out that He I1 had an enormous axial heat transport capability 

despite operation in the "supercritical" regime, i.e. beyond the critical velocity. Thus, the 

thermomechanical forces (TM forces) appeared to be at work, and interesting arrangements 

were created to take advantage of this type of "heat piping" properties of He II. Thus, in a 

sense, the "first use" of VLPS, as an application of He 11 TM forces, has been superseded in a 

subtle manner by the laboratory use of zero net mass flow conditions. 

Coming back to devices, it is noted that F. London' already looked at thermodynamic 

state changes of a special system. One may consider this a "thought experiment". One may 

also look at this as a first proposal for a system with the potential of practical realizability. In 

1938 things were very far away from such a status. In fact occasionally the opinion had been 

voiced that Equation (2) does not provide a significant incentive for practical use. The argu- 

ment goes as follows: The critical velocities are mostly very low; the pressure difference 

attainable at the critical velocity is not large; further, the energy input in the form of heat does 

not provide for a "very efficient" system from the second law of thermodynamics point of 

view. These arguments contain some truth however they ignore several extremely interesting 

features for the space fluid management. 

First of all, the low AP and low critical velocity may be overcome by suitable very 

fine porous plugs and in particular by multi-stage pump systems. Such a system did not come 

up before the Eighties. Severijns6 demonstrated the use of a 4-stage pump which had very 

good agreement with predictions based on Equations (1) and (2). The second major point is 

the option of using "waste heat" as input, for instance parasitic heat inputs available through 

most cryogenic insulation systems e.g. in supports, current leads and others. The second law 

of thermodynamics is valid. However it provides more of a comparative measure for various 
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schemes, tonsidered competitors, than a serious limitation on the "waste heat" use. Last not 

least, the question of realiability, by elimination of as many moving parts as possible, is 

another factor. The FEP unit permits pressure built up without moving parts. Thus it has an 

essential advantage over other options. 

It is possible in principle to push device frontiers solely by many empirical develop- 

ments emphasizing components of interest. However, theoretical guidance is valuable for a 

reduction of the total numbers of data sets required. 

An early example is the laminar heat flow mode at Zero Net Mass Flow (ZNMF). 

Tis=' argued in 1947 for a heat flow rate q proportional to the mean speed of normal fluid, 

propomonal to the pressure gradient, Eq. (2.1). and to pST and (pslpn); ps is the supexfluid 

density, pn normal fluid density. The work of Keller and Hammel and of other researchers 

showed that (pslpn) does not enter. It influences q however in the "supercritical" regime. 

5 

A more recent example of this nature has been VLPS work. Yuan' clarified important 

controversial points. The rate - controlling mode is flow of heat in the form of n o d  fluid 

flow in porous media separators. The recent book of Wilks and Bern9 has documented pro- 

gress in the field. Also it lists simple two-fluid quations referred to subsequently. The 

prcsent report contains various sections as givenin the table of contents. Appendix sections 

listed in the Table of Contents describe further experimental details and additional studies 

conducted in the present context. 
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3. FEPSYSTEM: 

PUMP.PLUG STUDIES WITH SERIES CONNECTION OF PACKED A1203 PLUG AND 

Cu POWDER HEATER 

There are two items: 

a. Flow rate dependence on driving temperature difference; 

b. Temperature profiles of the combined packed powder-heater system. (FEP runs) 

The flow rate dependence work dates back to the days 'of near-isothermal flow investigations 

of Vote et d". The thennomechanical rate equation has been adopted as a modified power 

law equation which contains recent findings concerning an "effective thennomechanical gra- 

dient". This latter version is a result of studies by Dr. Sidney Yuan et all1. For easy refer- 

ence only the simplest cases are included here giving an example of the "1/4 power law" in 

each case. 

The original Vote et allo, work did not refer to the permeability of a particular flow 

system geometry. Instead the hydraulic diameter @h) of slits and ducts with circular cross 

section has been used. The equation is given as superfluid mean speed v,, or as mass flow 

rate m. 

Superfluid mean speed 

Mass flow rate: 

m = A, p, Const [ I AP I /Dh]1/4 r\,"2/p3/4 

(3.1) 

(3.2) 

(A, cross section; p density, VP Pressure gradient for flow induced by external pressure 

difference or by gravity forces with difference AP = gp AZ; 2 position). The equations 

appear to be "guide posts" for other cases if a switching to the thennomechanical P-gradient, 
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compare (Eq. 3.1) would suffice. Another convenient option appears to be the use of L, = 

,In; (K Darcy permeability). L, replaces the hydraulic diameter. It is useful in particular for 

porous mehia. 

An objection to the Vote et al approach is the observation that for several flow cases it 

is the "effective thermomechanical gradient" (VPT) (ps/pn) which governs VT - induced 

flow. 

a. Flow rate dependence on driving temperature difference 

Any introduction of thermal quantities will in general cause departures from the near- 

isothermal resistance evolution described as power law by the Vote et a1 equations. The latter 

have, at any point of steady operation, a well-defined flow resistance. If the resistance is 

above the normal resistance or equal to it, the nature of the flow is Newtonian. There is 

either laminar flow or turbulent flow. The latter usually is roughness dependent. If the flow 

resistance is below the classical normal value, the system is operating on a point of the resis- 

tance transition from the superfluid to the normal flow states. 

As soon as an externally applied temperature difference is switched on, the system is 

capable of responding with a flow rate which is not necessarily characterized by the simple 

arguments presented above. There are not enough data available at present to clarify this 

aspect of superfluid mass flow. However, the equations of Vote et ai. have been modified by 

Yuan in order to characterize various FEP plugs. The equation incorporates the effective 

driving thermomechanical @ent (pJpn) p S VT. The superfluid speed and the mass flow 

rate are given as power law quantities for the "1/4" law as analogs of the preceding equations. 

Other power laws are referred to subsequently. 

Superfluid velocity (mean value superficial): 

(3.3) 
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or 
m = V, p, A, = A, p, K4 ( I A PT I /L,)'l4 (p, / pn)'14 p-3/4 '?l$2 (3.4) 

The quantity K4 is a constant for each pump plug as long as the power law is valid, i.e. for 

moderate vortex shedding rates. L, is the square root of the Darcy permeability. Insertion of 

the effective gradient (eq. 3.4) permits a form of the equation quite analogous to the preceding 

Vote et al equation (3.1). 

Mass flow rate 

The preceding equation is to be used noting that pv = p, v,, and that A, is the total plug cross 

section. Pump plug data for K4 appear to be much less dependent on the permeability than in 

VLPS. The pump plug results for K4 given by Yuan et al" are on the order of unity for per- 

meabilities below lo-'' cm2. This implies that they are very much larger than corresponding 

VLPS plug constants for the same permeability. 

Other power law exponents have been quoted in the literature. The most frequent 

number is d log m/d log AT = 1/3 ("derived" from the Gorter Mellink mutual friction force 

for zero net mass flow). For the near-isothermal transport of the Vote et al. equations, things 

are quite readily distinguished. The exponent d log RESISTANCE/ d log AP varies from 

unity via 3/4 to 2/3 monotonically with an increase in flow resistance. When n is converted 

to the exponent for mass flow versus pressure difference, we obtain m = d log vld log AP = 1 

- n. For instance, for n = 2/3, m will be 1/3. In contrast, the classical Blasius value is 

characterized by n = 4/7 = 0.5714. It is noted that the classical friction factor (f) is character- 

ized by d log f / d log v = - 1/4. Further, d log AP / d log v is equal to 2 - 1/4 = 1.75 = 7/4. 

The value of m is 5/7 = 0.714. In other words, the classical range of power law exponents is 

very incompatible with the quantum liquid resistance transition under consideration. 
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For the thermomechanical pump plug, again the exponent m = 1/3 has been quoted. 

There are not enough data available for consistency checks. However, if things are similar to 

the resistance transition described by Vote et al., the exponent 1/3 ought to be observed for 

high vortex shedding rates and when the size dependence disappears as one goes from one 

plug to the next one in a certain pore size range. Despite the lack of data, some insight is 

provided by the subsequent discussion of a comparison of VLPS with ZNMF (section 5).  

This section 5 has the purpose of extending the plug data base into unknown regimes. 

Further, for liquid transfer schemes at low A€', the Appendix E contains the abstract 

related to a paper presented at the Cryog./Eng. Conf. St. Charles IL, June 1987. 

b. Temperature Profiles of the Combined Packed Powder - Heater System 

This subsection reports temperature profiles of the apparatus sketched in Fig. 3.1. The 

A1,0, portion is the FEP. It accomplishes the pressure increase associated with the applica- 

tion of a temperature difference AT. Liquid He 11 enters from the top flowing down into the 

loop and leaving at the outlet as a'fountain after passing through the J-shaped stainless steel 

tube downstream. The packed copper section is the heater section. 

The FEP tube is inside a stainless steel tube of 0.238 O.D. and 0.254 cm wall thick- 

ness. The powder is "Aluminum oxide C" of Degussa with 99.6 % A1203 and a BET surface 

area of 100 k 15 m2/g. The average primary particle size is 20 nm. The powder has been 

dried overnight in a vacuum oven at 125OC before compression. A stainless steel sleeve and 

hardened wire rams were used to compress the powder in a step-by-step procedure involving 

15 compression steps. The void fraction has been about 50 % based on the density of 3.3 

g/cm3 for solid Al,03. 
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F i g .  3.1 FEP-PLUG HEATER APPARATUS 
Schema t i c  diagram o f  components i n s i d e  vacuum can. 
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The copper powder system has been pressed into an OFHC copper tube (O.D. 0.635 

cm, I.D. 0.335 cm, length 2.2. cm. Heater windings were made of teflon-insulated constantan 

wire wound bifilarly around the tube leaving room for a carbon resistance thermometer in the 

middle of the windings. This thermometer was mounted in a slit of 0.1 cm depth. The pur- 

pose of the Cu powder was the attainment of a large surface area permitting good contact 

with fluid. The powder purity is 99.2 %. The grain size distribution is listed below for 

different mesh sizes. 

Mesh (pm) 

-325 (44) 

4-325 (44) 

4-200 (74) 

+150 (105) 

Per cent 

61.6 

28.5 

9.7 

0.2 

In a step-by-step procedure 10 layers have been applied by a press in order to achieve a rela- 

tively uniform powder packing with a void fraction of about 30%. The system may be 

characterized by geometry-and heat transfer-related parameters, such as the fin length based 

on the Kapitza heat transfer coefficient h for copper. The characteristic fin length of a simple 

pin fin is given by the product of the square root of cross section A, to circumference C, and 

the square root of the length k/h. The thermal conductivity is k. The fin length is written as 

LF = (K A, /h C,)”2. This length has been determined as 0.06 cm at 1.8 K. The heat 

transfer coefficient rises with T3. Therefore near the lambda point, the fin length is smaller, 

and below 1.8 K the length will become larger. Thus, there is the option of leaving a central 

empty core for enhanced flow, or a different coarse powder in the center for 1.8 K operation 

and for higher temperatures. 
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Temperature records are given in the next figure . They all show a flat portion and a 

subsequent decrease toward the bath temperature. The latter indicates "leakage" of thermal 

energy not utilized entirely for the thermomechanics of the FEP. Thus, termination plugs 

and/or different conditions of operation may be chosen. 

* 
A data sample is listed below, and further details are given in the M.S. thesis of Wil- 

liam Chen12, 1987. 

- - -  
* App. I . 
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Fiq. 3.2. Temperature P r o f i l e s  i n  FEP heater  u n i t :  " 

L e f t  hand s ide : Bath near 1.9 K ; 
Right  hand side:Bath near 1.4 K ; 
I n s e t  : Scheme o f  thermometer des ignat ions;  
Flow parameter example : App. F. 
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4. CYCLE STUDIES 

The present section addresses cycles and parts of cyclic operation. The individual 

components in general ought to match the cycle option chosen for the entire system. In the 

case of the FEP, there may be a need for an aftercooler, or the liquid may be at a higher tem- 

perature without detrimental effects. For instance, in the delivery process involving a "hot" 

object to be cooled by He I, with associated vapor formation, there may be no need to cool 

fluid back to the inlettemperature of the FEP. 

In several cases, the FEP may be used as "power unit" to energize other subsystems. 

An example is the "vortex refrigerator" (Fig 4.1) using the thermomechanics and the 

mechano-calorics of the He 11 "supereffects". The interesting point is a lack of performance 

figures in the literature for such a refrigeration cycle. This lack indicates a deficiency in the 

matching of components for specific tasks. Another point is the recognition of the role of the 

flow mode, e.g. resistance transition, laminar flow, roughness-dependent turbulent flow and 

others. 

Kittel13quotes the "inconsistency", of the supercritical FEP , "with the usual two-fluid model". 

Wilks and Betts in their recent updating of the "Introduction to Liquid Heliumg" do not go 

into particular details of the mechano-caloric effect. However Wilksl4 mentions in his mono- 

graph on "Liquid and Solid Helium" of 1967 that "even in the narrowest slits, the flow of 

superfluid will be accompanied by a flow of normal fluid". This makes it hard to accept 

"ideal" cases without knowing the real system behavior. 

Another feature relates to vortex refrigeration based on He I1 thermomechanics and 

mechano-calorics. Tilley and Tilley" consider this type of refrigerator in their first edition. 

However the second edition of their book omits the refrigerator. One may see this as an indi- 

cation of a lack of interest or of knowledge or both. Most likely, very few cryocooler special- 
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ists have taken notice of the He I1 vortex refrigeration option. 

Once thermodynamic changes of state are introduced as ideal changes, there is always 

a question about non-ideal conditions and tayloring of optimized components for a special 

task. As usual there appear to be different options, and each task has certain constraints 

implying a lack of generality when applied to another problem. Therefore, the following 

simplified statements are to be considered with some caution as experimental data are quite 

scarce. With these precautions in mind, cycle results are given in simplified form for the 

ideal p-P-p-P cycle and for the corresponding cycle with counterflow heat exchanger prior to 

the refrigeration stage. The system is shown schematically in Fig. 4.1. 

The cycle designation is based on constant parameter references. The initial state 

change dp = 0, or p = const, designates constant chemical potential. The pressure is raised in 

an ideal manner, as described by London’s equation. In the second state change, isobaric 

cooling is achieved. The third state change implies constant chemical potential with a depres- 

surization. This state change leads to cooling. Ideally, the decrease in temperature is given 

by 

(a T/a P)p = l/(p S )  (4.1) 

Afterwards, thermal energy is picked up isobarically. From the point of view of classical heat 

exchanger operation, isobaric assumptions apparently do not present very challenging tasks. 

However, the T-profiles of section 3 provide hints about design constraints. different case. 

Further, there is nearly no quantification at all for the real depressurization process at dp = 0. 

The effectiveness results appear to throw some light on the refrigeration process. h i -  

tial motivation for the vortex refrigerator introduced by Staas and Severijns (compare also 

App. A), appears to have been related to attainment of low temperatures. Obviously, the 

theroretical calculations based on ideal liquid omit the lattice contributions of the real do 
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"superleak" plug which provides the cooling. The refrigeration capability is elucidated by a 

brief look at the opposite direction i.e. a power cycle. Very little power is gained as the area 

enclosed by the cycle in a pressure-volume diagram is extremely small. This feature relates 

to the small volume changes in liquids. Thus, there are very few attractive points for power 

cycle operation. However the opposite appears to be true for refrigerator operation. Very lit- 

tle work is needed for heat pumping in view of the small volume changes. Moreover, the use 

of parasitic heat is a very attractive feature. It is near at hand to omit system preparation for 

a first look. Thus, the usual environmental temperature of about 300 K has been disregarded 

completely, (as in similar analysis of the fountain effect pump thermodynamics). The 

definition used for the COP (= coefficient of performance) is the ratio of heat pumped to heat 

input. This COP ideally is 

COP = T S /QR (4.2) 

The simplest case is a refrigeration load 

Q R = T ~ S ~ +  IQiI (4.3) 

Assumed is the sequence 1-2 for dp = 0 and so on. The system's thermodynamic path is 

shown schematically in the T-S diagram, Fig. 4.2. The coefficient of performance (COP) is 

depicted in Fig. 4.3. It is seen that reasonable values of COP are reached at relatively high 

bath temperature T1, for a specified pressure difference. Fig. 4.4 shows the cold end tempera- 

ture versus T2 

The effect of a counterpow heat exchanger (Fig. 4.5) is known from classical systems. 

The COP usually is lowered, if all other parameters are kept constant, and the heat e,xchanger 

covers a specified temperature difference prior to the refrigeration stage. The final tempera- 

ture is decreased for such a system, and the compensation of a drop in COP is possible in pri- 

ciple using a lower AF' in the FEP. Figure 4.5 presents designations for the cycle with 
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precooling by counterflow heat exchange. Fig. 4.6 depicts the system. Fig. 4.7. shows the 

COP results and cold end temperatures for a parametric study with the precooling temperature 

ratio as parameter. A relatively small effect of precooling appears to provide considerable 

modifications of the ideal system performance. The paramemc studies have been conducted 

for a pressure difference of 100 rnilli-bar. In the limit of a temperature ratio of unity, the pre- 

vious simple cycle p-P-p-P is recovered. 

Real component selection has to consider two items in each plug for ideally constant 

chemical potential. One case is the porous media selection for the specifications. The other 

case is the heat absorptionheat rejection unit optimization. In addition there are connecting 

plumbing devices and controls. The simple wide tube connection appears to be a low flow 

resistance solution. As shown by the FEP duct data however, there is a good chance of heat 

flow by counterflow action. Fortunately, there is a very small slip of normal fluid and 

superfluid at high mass flow Reynolds numbers. This implies a possible need for balancing of 

slip versus pressure drop in a real refregerator. Another solution is the use of "pressure 

relieved mass transport'' using porous media coatings (wick-like structures) for wall coverage. 

There appears to be very little information available in this area. 

In summary, the vortex refrigerator has an attractive potential for He II - cooled sys- 

tems and subsystems, however considerable R & D work is required for general acceptability. 

This includes the interfacing between He I portions and He I1 subsystems during system 

preparation. Nevertheless, there are very advantageous features indicated by the present cal- 

culations which pint out good performance when T is not too low, e.g. near 1.8 K to 2 K. 
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5. POROUS MEDIA TRANSPORT CHARACTERISTICS 

The experiments have included basic studies of vortex shedding processes during heat 

flow in porous media. In conjunction with the power law fits for FEP pump plug data, the 

determination of the rate of mass/supefiow versus applied temperature difference has been a 

major goal of the present work. However, from literature the most common case of Zero Net 

Mass Flow (ZNMF) been found to be pursued only in a limited range. In particular the large 

AT-range (non-linear range) has received but little attention. Therefore, this part of the stu- 

dies has aimed at an extension of heat transport knowledge, available previously from VLPS 

work. 

The experiments have used plugs whose axis has been oriented in vertical direction. 

Heat flow has been directed in the "g" direction downward. Heating has been initiated using 

step inputs in heating power. Heater windings have been mounted in an insulated chamber. 

The step input in power in general produces the following events: 

1. 

2. 

3. 

4. 

At low power, a nearly exponential first order change with a temperature difference AT 

proportional to [ 1 - exp ( - f /~) ]  is observed; z = characteristic time; t = time. 

At a certain power, linearity is destroyed. The final value observed at long time is 

considered the result of quasi-steady operation. The q versus f ind AT curves are non- 

linear. 

Above a moderate power, there is no chance to reach a well-defined quasi-steady heat- 

ing condition at long times. Instead, at an intermediate time, there is a drop in AT as 

a result of vapor formation. 

Near the onset of case 3, there is a finite chance for large amplitude, slow, non-linear 

oscillations. 
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Figure 5.1 is a schematic drawing of the setup. Figure 5.2. presents a thermogram 

example. Figure 5.3 is a similar example with oscillations. Fig. 5.4. displays the results, at 

long times of quasi-steady linear and non-linear conditions. 

Figure 5.4 shows a linear region given by the permeability of the plug. The analog of 

Darcy’s law is used. 

with a superficial normal fluid velocity of 

The normal fluid permeability is q. The grad PT - term in Equation (5.2) is the London pres- 

sure gradient of the thermomechanics of He 11. 

Figure 5.5. shows permeabilities obtained as a function of temperature for plug PK -K-lO-S- 

02- 6.4 x 0.75 

The interpretation of the linear regime is straightforward noting that the small AT of that 

range does not present difficulties of property definitions. 
* 

In the non-linear regime things are less straight forward. A procedure has been used 

initially in parallel to phase separator (VLPS) work. The simple modified plug equation 

incorporaties a sizedependent (dimensionless) plug constant K&F The equation is semi- 

empirical because of the implications of power law exponents discussed above in the preced- 

ing section. The simple analog of VLPS is given as superficial heat flux density q. 

. 

Results for the plug PK-K-10-S-02-6.4 x 0.75 are shown in Figure 5.6. 

Details of related numerical work are given in the Appendix Sections D and E. 
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T h -  Thermometer, H -  H e a t e r ,  PP- porous  p l u g  
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Fig. 5.1. S c h e m a t i c  d i a g r a m  o f  e x p e r i m n t a l  system f a r  
z e r o  n e t  mass f l o w  (ZNMF) ; p i u g  o f  PK series.  
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The change to a more meaningful power law exponent involves a characteristic length. 

For instance, the case of an exponent of 1/4 is quite significant. There is a characteristic 

length involved in the interaction of pore walls with fluid motion. Appendix E presents 

details of this approach. In the course of the work, the data obtained indicate that the con- 

stants replacing K k F  in Equation 5.3 retain the size dependence qualitatively. 

In phase separator (VLPS) plugs the size dependence is at variance with ZNMF in so 

far as data appear to be numerically above the VLPS plug equation. However the data trends 

of the constants of Eq. 5.3 are retained. A comparison is available using Figures 5.7 and 5.8. 

In summary, it is seen that early indications of transport phenomena in plugs are 

confirmed. Jeffrey M. LAX had already indicated in his M.S. thesis (UCLA 1983) that certain 

plugs pointed in this direction. The VLPS results of Yuan’s Ph.D. thesis (UCLA 1985) put 

this suspicion on a firm footing in the VLPS area. The data obtained so far for ZNMF appear 

to c o n h  the trend of the VLPS data also for ZNMF. Thus, the peculiarities of FEP units 

are in considerable contrast to the conditions of VLPS and ZNMF modes. 

33 



I 

I \  

I 
I 
I 
I 
I 
I 
I 
1 
1- 
I 
1 
I 
I 
I 

1 
I 

\ 
\ 

\* 
\* 

\* 

\ 

*'- 
. 
\* 

I 

c -7 

\ 
0% 
\ 

\ 
h 

y o  -3 
i 

\ 

i 

\ 

34 

d 

0 

cl 
0 

0 



i \  
ri 
I ' \  

G 

I 
I 
I 
I S  
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 

. 
\, 

L?, \ C 
z 
0 \ I 

I- s 
E 
IA 

'\ 

\ 
\ 

0 

\ 
\ 

\ 
\ 

i 

i, 

- 4  - - I 
I 

7 
7 

I' 

d d 

0 

35 

r( 

0 

0 



6. SUMMARY INCLUDING COUNTERFLOW COOLING OF COMPONENTS 

Studies of fountain effect-induced phenomena and system options have been continued 

with the goal of improved fluid management starting near 2 K. Instead of looking at fluid 

management only from the point of view of routing "hot" to "coldt production lines, the alter- 

nate scheme of managing from "bottom" to "top" is suggested by the He II work involving 

local He I domains. For instance, solid hydrogen pellets may be carried hydraulically instead 

of pneumatically on the basis of the Low-T cryogenic fluid. 

The porous plug results are an important. data set for various thermomechanical modes. 

A temperature difference is not possible unless the porous medium resmcts the cross section 

to suppress the flow of normal fluid. The permeability range covered in the present runs has 

been reduced from the previous phase separator range to the order lo-'' cm2. The phase 

separator modes of previous work have been compared to the data sets for zero net mass flow 

(ZNMF). The ZNMF data do indeed follow phase separator plug trends. The absolute 

ZNMF transport rates obtained however are quantitatively higher than the phase separator 

data. 

The extension of the work to He I1 vortex refrigeration has been based on the preced- 

ing calculations of FEP units. The addition of the mechano-caloric plugs presents a novel 

component set to be quantified in transport details for the purposes of refrigeration and heat 

pumping. Previous vortex refrigerator work appears to have been motivated primarily by 

attainment of the lowest possible temperatures. The performance figures appear to be a spe- 

cial class among various cryocooler systems. The COP values are attractive for operation 

near 2 K i.e. in the upper T range of He 11, and not in the lower one. 

Finally, there is an interesting implication for "lifetime extension". The usual space 

vessel of the IRAS type has the VLPS location set rather far away from heat input locations. 
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This approach appears to be advisable for the understanding of the mode of operation prior to 

more sophistication. With the success of IRAS however, the question for improvements 

includes the use of the VLPS effect and T M  effect in order to intercept certain heat inputs. If 

less heat arrives at the bath, the vaporization rate is reduced and the He I1 is kept in the 

vessel for a longer period of time. Another point is the incorporation of the vortex refrigera- 

tor into this type of concept for improved fluid management of the future. 

37 



7. REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

Allen, J.F. and Jones, H. Nature 141, 243, 1938. 

Kapitza P.L., Nature 141, 74, 1938. 

Allen, J.F. and Misener, A.D., Nature 141, 75, 1938. 

Keller, W.E. and Hammel E.F., Ann. Phys. 10, 202, 1960. 

London, F. Supefluids, Vol. 2, Wiley, New York 1954. 

Severijns, A.P., Cryogenics 20, 115, 1980. 

Tisza, L., Phys. Rev., 1947. 

Yuan, S.W.K., PhD. thesis, UCLA, 1985. 

Wilks, J. and Betts, D.S. An Introduction to Liquid Helium, 2nd Ed. Oxford Univ. 
Press, 1987 

Vote F.C. et al., Adv. Cryog. Eng. 16, 393, 1971. 

Yuan S.W.K. and Nast T.C., Cryog. Eng. Con.  St. Charles IL, 1987 paper BC-4. 

Chen, W.E.W., M.S. thesis, UCLA 1987. 

Kittel P.,  Cryogenics, 27, 81, 1987. 

Wilks, J. Liquid and Solid Helium, Oxford, Clarendon, 1987. 

Tilley D.R. and Tilley, J., Supefluidity and Superconductivity, Wiley New York, 1974. 

Staas, F.A. and Severijns, A.P., Cryogenics, 9, 422, 1969. 

38 



APPENDIX B: Vortex Shedding Regime in Porous Media: 

Modified Mutual Friction Transport Regime of Counterflow 

It is noted that porous media transport is not the usual mutual friction transport pro- 

posed by Gorter-Mellink. However, for an assessment of the special porous plug conditions, 

the frame of reference of Gorter-Mellink provides insight and empirical equations for VLPS 

design. First, vapor liquid phase separation (VLPS) is discussed. Second, zero net mass flow 

(ZNMF) is treated. 

Consider VLPS modes in the form proposed by S. W. K. Yuan. The rate constant K* 

= 

per total plug cross section divided by the density). 

is contained in the equation for the superficial mass flux density (= mass flow rate 

In general, Eq. (B.l) has to be integrated in order to take the T-dependence of properties into 

account. Details have been given in the Ph.D. thesis of Dr. Sidney Yuan. 

The related equation for the heat flux density associated with the mass flux density is 

given by = I.;, or 

For the linear regime (Appendix 2 ), the relationship between VLPS and ZNMF is: 
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Again the case of large AT necessitates integration due to the strong temperature 

dependence of the properties p,(T) and S(T). By grouping all temperature dependent proper- 

ties into one tern F(T), Eq. (B.5) becomes: 

( & ) m F  = K&MF[F(T)VT] In 

The property function is 

Integration leads to 
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APPENDIX C: EXPERIMENTAL DATA FOR PLUG PK-K-10-S-02-6.4 x 0.75 

(raw data) 

The tables contain the temperature differences across the plug 
and the superficial heat flux density (heat flow rate per 
total plug cross section). 

AT,K q , mW/cm2 

0.011 
0.0198 
0.0435 
0.062 
0.078 
0.096 
0.119 

q ,mwlcm2 BATH 1.79 K 

147.14 
211.88 
261.58 
288.39 
316.51 
349.96 
376.67 
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I 

0.00125 
0.00120 
0.00150 

' 0.00156 
0.00200 
0.00300 
0.00300 
0.00400 
0.00950 
0.01200 
0.01400 
0.01600 
0.01500 
0.02100 
0.02800 
0.03500 
0.05600 
0.05300 
0.08350 

2 
q, mWcm 

34.30000 ! 32.04000 
56.97000 
81.90000 
117.42000 
131.67000 
140.67000 
151.10000 
160.51000 
167.51000 
181.65000 
199.51000 
207.20000 
215.03000 
239.40000 
244.40000 
282.92000 
288.39000 1 326.17000 

BATH 1.81 K 
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2 q ,mW/cm AT, K 

0.0005 
0.0009 
0.0010 
0.0016 
0.0018 
0.0026 
0.0036 
0.0046 
0.0086 
0.0008 
0.0111 
0.0141 
0.0161 
0.0236 
0.0266 

78.1700 
94.1700 

104. 9000 
125.7400 
139. 4000 
149.7700 
151.1000 
157.7800 
167.4100 
173.0400 
193.4600 
215.0000 
227.8600 
244.4300 
247.8100 
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AT,K q ,mW/cm2 

0.0117 
0.0170 
0.0200 
0.0280 
0.0410 
0.0480 
0.0600 
0.1050 
0.1070 

BATH 1.88 K 

116.2600 
149.7700 
181.6500 
219.8000 
261.5800 
279.3100 
297.6200 
356.0400 
376.6700 

.r 

sac - 

0 

0 

Ll 

D 

a.wi O.GJ n n5 nm n.11 

bT, K 
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AT, K 

0.0030 
0.0040 
0.0050 
0.0050 
0.0055 
0.0065 
0.0075 
0.0090 
0.0110 
0.0125 
0.0165 
0.0255 
0.0310 
0.0450 
0.0620 
0.0940 
0.1160 
0.1300 
0.1660 

BATH 1.72 K 

13.4300 
39.7800 
45.9200 
65.3900 
68.9200 
88.0000 
98.4000 

112.7950 
122.1400 
125.7400 
144.5300 
164.6300 
178.6700 
199.5100 
231.1300 
279.3100 
295.7600 
314.6000 
347.9500 
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AT,K 

0.0010 
0.0020 
0.0020 
0.0010 
0.0015 
0.0022 
0.0022 
0.0025 
0.0030 
0.0055 
0.0120 
0.0150 
0.0165 
0.0295 
0.0245 
0.0430 
0.0460 
0.0570 
0.0575 
0.0695 

2 q, mW/cm 

47.6100 
58.6100 
96.2700 
68.0300 
17.2300 
73.4100 
106.2700 
116.2500 
100.5500 
164.6300 
191.9700 
216.6100 
216.6100 
254.6500 
262.7500 
277.5100 
282.9200 
308.8900 
308.8900 
320.3600 

BATH 1.91 K 

CI 

0 



AT,K 
2 q , mWcm 

4UU 

?Is0 

sou 

?SO 

100 

150 

'I on 

!i 0 

u 

0.0035 
0.0025 
0.0020 
0.0050 
0.0065 
0.0125 
0.0180 
0.0215 
0.0245 
0.0430 
0.0645 
0.0695 
0.1165 
0.1175 
0.1575 

32.0400 
47.6400 
56.9700 
67.1500 
82.0300 

123.3600 
153.7500 
157.5900 
184.5700 
210.3100 
244.4300 
256.3700 
320.3600 
320.3600 
372.5000 

BATH : 1.71 K 

r-1 
0 

O 

U 

L1 
U 

i 
1 

L7 

0 n il? i UY 0 ilp 0 ?il li 1 o 1 7  !1 14 u i R  

AT, K 
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APPENDIX D: PERMEABILITY DETERMINATION 

BASIC EQUATIONS 

The permeability for ZNMF modes in the laminar region (Le. low counterflow) is expressed 
within the generalized Darcy low as: 
- 
Vno = I VP, Ilqn ( D . 1 )  

Vno = Initial normal fluid velocity 

PT = Thexmomechanical pressure 

fln - - Viscosity of normal fluid 

K, = Pexmeability 

London’s equation predicts that the thermomechanical pressure 
gradient can be produced externally by a temperature gradient: 

V P = p S V T  

Q = Fluid density 

S = Entropy 

VT = Externally appli-d temperature gradient 

Finally, for ZNMF modes, the heat flux density (qo) in 
the axial direction of flow through porous plugs is given by 

- 
90 = p smno 

so that through equations f D .l) and ( 0.2). the governing 
equation for permeability calculations in ZNMF is presented 
as: 

- 90 = PST K, PS (AT/L)hIn 

where often AT <a, and there is a property function 

ffl) = P2S2T/qn 
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APPENDIX E 

THERMOMETER CALIBRATION AT VERY SMALL 
TEMPERATURE DIFFERENCES 

The carbon resistor thermometers used are Allen - Bradley, 39 Ohm, resistors. The 
calibration procedure involves the measuring of the thermometer's resistance and the 
corresponding vapor pressure of the system. The properties of the thermometer are such that 
the resistance is approximately logarithmically proportional to the vapor pressure. This can be 
expressed as: 

In (R) = a  In (Pv) + b (E.1) 

R = Thermometer resistance 
Pv = Vapor pressure 
a,b = Linear least square parameters 

Therefore, by using a temperature-vapor pressure curve, such as the T-58 scale, the 
temperature versus resistance relationship is derived for small temperature difference. A prin- 
tout of a sample computer program and its output shows the utilization of a T-58 cubic spline 
fit (fit presented by Donnelly, R.J., et al in J. Low Temp. Phys., 1981) for iterative resistance- 
temperature calculations 

For very small T-differences, the calibration equation ( .l) Permits a convenient deter- 
mination of AT from the resistance difference AR. The slope of the vapor pressure curve is 
known from the T-58 scale: 

r = Pr' dPJdT ( E A  

Inserting d In R/d In Pv = a = (dR/R)/(dPJPv) one obtains 

AT AR dT/dR = AR (aRT)-l 
AT cc T 
R = Ro 

( E . 3 )  

R = Ro at the bath temperature. 
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RPP. D : (contin. 1 , 
SUBJECT L CUBIC SPLINE FITS TO 

THERMOPHYSICRL FUNCTIONS 

Example : RBOVE THE LRMBDR TRRNSITION 

Lit . x C. F. Barenghi, P. G. J. Lucas, 
R. J. Donne1 ly, J. Low Temp. 
PhyS. 44, 491, 1981 

Selected smooth spline fit results: 

Spec. heat at vapor preseure o f  raturated 
liquid , 4 internal knots, basis x T-S8 

scala; C rat in J/(mol K) 

T - T h ,  K T, K Csat  

1 OE-4 em 1721 4s. 777 
10E-3 2.173 35.537 

10E-2 2. 102 21.22e 

The corresponding Prrndtl numbers (Pr) 
are 0.2691 , 0.5487, 0.7665 . 

T-58'SPLINE FIT : C.F. BARENGHI, R.J. DONNELLY, 
R.N. HILLS, J. LOW TEMP. PHYS. 51,319,1983. 
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APPENDIX F. ABSTRACTS OF RECENT CONFERENCES 

Am. Phys. Soc., Div. of Fluid Mechanics, 
40th Annual Meeting, Eugene Oregon, 22-24. 
Nov. 1987. 

Non-Linear Counterflow in Porous Media* 

HI 6 
Nonlinear Countertlow in Porous Media. P. K. KHANDHAR and 

T. H. K FREDERKING. Univusity of California, Los Angela. CA 
90024 - Sinc~nd Srainle~r SOCI p l t t g ~ - L ~ ~  bear ab- to COU~ICAOW 
using liquid He XI at rtro nu mpz~ Oow o. The normal fluid flow. 
uniucd from a huuer. is compuLsoced for by an i n k  of supalluid inlo 
the heating chamber. The rcsulu give a pamcabiiiiy on chc adu of 
ICto c d  in thc 1- region bared QI a Darcy law Malog (nominal 
d l d m  &g IWI 1 pm of clrrcl.ll fluid 8ow huugh the sincacd 
plugs). The m-linear region esrablished II LKxascd hcam pow i s  
chiroctuized by a ZNMF rate conmu K O  (Gow-Mcllink mutual fric- 
Lion constant). In c o n m  to the wide duct due. che m t  K O  data arc 
pore size dcpendenr KO is found to k 8 monoumically increasing func- 
tion of the parnubility in qualitative agreement with pomus plug data 
for vapor-liquid phase scpanlion (VLPS). VLPS mlu  for KO have 
been fowd to be FropMional IO the squpn coot of pcrwuubiliryl. 

IS. W. K Yuan, PB.D. Thesis. UCU. 1985. 

*> Supported in part by NASA AMES Research Center. 
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App. F (ABSTRACTS, con tin . ) 

PERFORMANCE TEST OF A LABORATORY PUMP FOR LIQUID TRANSFER 

BASED ON THE FOUNTAIN EFFECT 

W.E.W. Chen, T.HK. Frederking and W.A. Hepler 

University of California, Los Angela 
Los Angeles, Callifornia 

ABSTRACT 

A laboratory scale pump has been tested in detail in order to determine the flow 
characteristics of a heater-activated all-metal thennomechanical pump (fountain effect 
pump FEP). The emphasis is on the functional dependence of the fountain pressure 
diffa#?ct versus mass throughput A modified Vote et al. power law approximation is 
employed for a simplified description of the flow rate as a function of the driving 
force. Flow fates of up to 10 Liensl(hr an2) have becn obcaincd despite a large nomi- 
nal port sizc of the porous plug of 2 pm (filtration raring) used for the FEP. 

1987 Cryog. Eng. Conf. St. Charles, IL, June 1987, paper BC-6 
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APPENDIX G 

REFRIGERATION AND HEAT PUMP SYSTEMS BASED ON He I I VORTEX CONTROL* 

T.H. K. Frederking, H.H.D. Tran and R.M.Carandang 

Un ive rs i t y  of Ca l i f o rn ia ,  Los Angeles 90024 CA 

The u t i 1  i z a t i o n  o f  thermomechanical forces permits 
pressure increases i n  pumps w i thout  moving par ts .  This t o p i c  
has become an i n t e r e s t i n g  op t i on  for l i q u i d  t r a n s f e r  a t  micro- 
g r a v i t y .  I n  add i t ion ,  t h e  thermomechanical pump ( founta in  
e f f e c t  pump) may be used t o  energize re f r i ge ra to rs ,  subs t i tu -  
t i n g  f o r  t he  usual mechanical pump. I n  t h e  present thermody- 
namic studies, cyc l ic  v a r i a t i o n s  o f  t h e  f l u i d  equ i l i b r i um 
s t a t e  a re  lnves t lga ted  lnc lud lng  performance parameters. I n  
cont ras t  t o  a t ta inment  of low temperatures, t h e  emphasis i s  
on heat pumping tasks  a t  temperatures between 1.5 K and t h e  
lambda temperature. 

Key words: He II; thermodynamic cyc les ; founta in  e f f e c t ;  
re f r l ge ra to r /hea t  pump systems. 

I .  In t roduc t ion  

Increased use o f  i q u i d  He I 1  as a coolant  near 1.8 K has included a p p l i c a t i o n  
o f  t h e  founta in  e f f e c t  (thermomechanical e f f e c t ) .  Examples are  vapor-l i qu id  phase 
separators 
I n  t h e  present s tud ies  I s  t h e  use o f  FEP - Induced pressur iza t ion  f o r  r e f r i g e r a t i o n  
purposes and heat pump ng. An o r i g i n a l  vers ion of such a system, based on t h e  con- 
t r o l  o f  t h e  dynamics o f  quantized vor t i ces ,  has been proposed and tes ted  by Staas 
and Sever i jns [ I ]  I .  This  Staas-Severijns coo le r  has aimed a t  t he  attainment o f  low 
temperatures down t o  0.7 K . I n  contrast ,  t h e  present work emphasizes heat pumping 
i n  t h e  range o f  the  temperature ( T I  encountered i n  space cryogenics and i n  supercon- 
duc t ing  magnets f o r  h igh magnetic f i e l d s  based on NbTi/Cu. The system a p p l  i cab i  1 i t y  

and founta n e f f e c t  pumps (FEP). Another type  o f  a p p l i c a t i o n  addressed 

I Numbers i n  brackets r e f e r  t o  the  l i t e r a t u r e  references l i s t e d  a t  the  end o f  t h i s  
pa per. 

*) Presented a t  4 th  In te rn .  Cryocooler Conf. Easton, Md. 1986. 
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Therefore, heat i s  t o  be removed i n  o rde r  t o  keep temperatures, a t  a spec i f i ed  loca- 
t i o n ,  t ime  - independent. I n  t h e  a f t e r c o o l e r  ( A C ) ,  t h e  temperature i s  brought back 
t o  t h e  bath temperature. I n  t h e  "expander", appl i c a t i o n  o f  t h e  pressure d i f f e rence  
generated i n  t h e  FEP, forces s u p e r f l u i d  through t h e  plug. This  r e s u l t s  i n  cool ing 
by t h e  mechano-caloric e f f e c t .  The r e f r i g e r a t i o n  load (Q 1 i s  suppl ied i n  t h e  c o l d  
box (CB). Final  l y ,  t h e  capi  I,Jary (CAP) connects t h e  c o l d  i o x  t o  t h e  bath. 

Figure 2 ind icates a scheme w i t h  a va lve ( V I  rep lac ing  t h e  c a p i l l a r y  system. 
i n  p r i n c i p l e ,  o ther  means a r e  ava i l ab le ,  e.g. a va lve a t  t h e  i n l e t .  Th i s  op t i on  i s  
n o t  favored f o r  a saturated I i q u i d  bath, as it may lead t o  pressure reduct ion and 
cav i ta t i on .  This danger i s  avoided w i t h  pressur ized l i q u i d  He I1 . It is noted t h a t  
i n  Reference [ I ]  a se t  o f  c a p i l  l a r i e s  has been employed i n  order  t o  t e s t  t h e  f low 
cond i t i ons  i n  t h e  entropy c a r r y i n g  tubes downstream o f  t h e  c o l d  box. 

4 .  Founta i n  E f f e c t  Pump Performance 

The founta in  e f f e c t  u n i t  i s  t h e  d r i v e r  f o r  t h e  vor tex r e f r i g e r a t o r .  Therefore, 
i t s  performance exer ts  an important in f luence on t h e  coe f f  i c i e n t  o f  performance 
(COP) of t h e  r e f r i g e r a t i o n  process. Recent work on FEP use f o r  l i q u i d  t r a n s f e r  i n  
space [3] has prompted a c r i t i c a l  inspect ion o f  var ious performance measures . 
Two types o f  e f fect iveness o r  e f f i c i e n c y  f i g u r e s  have become known. One r e l a t e s  t o  
t h e  I i q u i d  y ie ld ,  u l t i m a t e l y  a v a i l a b l e  a t  t h e  receiver ,  du r ing  t r a n s f e r  from one 
vessel t o  another one. The o the r  measure i s  t h e  energet ic  e f fec t i veness  €e . Because 
o f  genera l l y  smal I values obtained f o r  E t h e r e  has been a s u f f i c i e n t  i ncen t i ve  e , *  t o  improve t h e  energet ics o f  t h e  FEP , e . 9. by heat pump - ass i s ted  FEP u n i t s  [4].  
Ideal  changes of  s t a t e  a t  dp=O a r e  r e f e r r e d  t o  i n  t h e  subsequent discussion of t h e  
FEP . 
pump o u t l e t  , WF , to t h e  heat i npu t  r a t e  , Q , energ iz ing t h e  pump. Neglect ing t h e  

The energ9t ic  e f fec t i veness  i s  defined-as t h e  r a t i o  o f  t h e  flow power a t  t h e  

Figure I. Vortex r e f r i g e r a t o r ,  schematical ly; AC a f te rcoo le r ,  CAP capi  I lary ,  CB c o l d  
box , ESL "expansion superleak", FEP founta in  e f f e c t  pump, H heater ; 
Refr igerat ion load 0, i s  absorbed i n  t h e  c o l d  box. 
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grad ( p + vs2/2) = 0 

where t h e  k i n e t i c  term i s  small ou ts ide  t h e  n$rrow passages formed by t h e  porous 
medium. The momentum equation o f  t h e  model , J = p ? = ps vs + P n  Vn , f o r  
f l u i d  locked i n  t h e  plug, reduces t o  t h e  simple c o n d i t i o n  

(3 )  

A -5 normal 

A -L 

P = P s  vs 
Thus, t h e  s u p e r f l u i d  c r i t i c a l  speed vsc i s  r e l a t e d  t o  t h e  c r i t i c a l  v e l o c i t y  of t h e  
observed mass f l ow  by vc = vscps /p  . 

I n  t h e  t e r r e s t r i a l  g r a v i t y  f i e l d ,  t h e  foun ta in  e f f e c t  i s  q u a n t i f i e d  r e a d i l y  by 
i nc lus ion  o f  t h e  g r a v i t a t i o n a l  c o n t r i b u t i o n  t o  t h e  general ized chemical p o t e n t i a l  
f unc t i on  ( p + gbz + vs2/2 1 ; ( 2  v e r t i c a l  p o s i t i o n  coordinate).  I n  a thermo - 
s t a t i c  device, Equations ( I )  and (2 )  have i n  common t h e  l i m i t  o f  t h e  thermomechani- 
c a l  gradient,  a t  zero flow, o f  

grad P = grad PT = p  S grad T ( 4, 

(London pressure gradient ) .  When a j e t  geometry a l l ows  a speed v , downstream o f  
t h e  super le  k, t h e  l i m i t  o f  ideal  f low wi thout  losses leads t o  a foun ta in  he igh t  
o f  Az  = v9 / (2 g)  . 

There a re  two types o f  f l u i d  processing components i n  general:  F i r s t ,  t h e  PO- 
rous plugs needed for t h e  themmechanics and second, ducts and conventional de - 
vices, such as heat exchangers. I n  t h e  l a t t e r  category, s i g n i f i c a n t  vor tex shedding 
may take  place causing d i s s i p a t i o n  of  f low power. A t  s u f f i c i e n t l y  h igh f l ow  rates,  
both f l u i d s  may move w i t h  nea r l y  t h e  same speed. I n  t h i s  case, i n t e r a c t i o n  of  t h e  
normal f l u i d  w i t h  t h e  v o r t i c e s  causes "near - c l a s s i c a l  f low. For instance, I n  a 
duct w i t h  a diameter beyond t h e  o rde r  o f  10-2 cm, roughness - dependent f r i c t i o n  
may be observed readi ly ,  as i n  Newtonian t u r b u l e n t  f l u i d  f low . Therefore, c l a s s i -  
c a l  equations have been used i n  t h e  ana lys i s  o f  t h i s  aspect o f  t h e  Staas-Severi jns 
r e f r i g e r a t o r  [ I ]  . A l te rna te  use of  vor tex p inn lng components and o f  vor tex shed - 
d ing  components imp1 ies  c o n t r o l  led processing o f  vor tex systems g i v i n g  r i s e  t o  t h e  
des ignat ion o f  "He II vor tex r e f r i g e r a t o r "  , ( or  of  s u p e r f l u i d  vortex f r i dge" ) .  
The var ious d i s s i p a t i o n  aspects i n  wide and narrow passages have been reviewed by 
Hamel [2] g i v i n g  d e t a i l s  of  bas ic  t h e m p h y s i c s  o f  t h e  He I1 modes o f  motion. 

3. Simp1 I f  ied Vortex Re f r i ge ra to r  Operation: Concepts 

I n  t h e  discussion of t h i s  section, s i m p l i f i e d  r e f r i g e r a t i o n  concepts a r e  i n -  
voked. Up t o  t h i s  time, I i t t l e  has become known about performance f igures.  I n  1 ine 
w i t h  appl led thermodynamics conventions, t h e  c o e f f i c i e n t  o f  performance i s  defined 
as t h e  r a t i o  o f  t h e  r e f r i g e r a t i o n  load t o  t h e  ne t  work. The thermal e f f i c i e n c y  o f  
thermal t o  mechanical energy conversion i s  def ined as t h e  r a t i o  o f  t h e  ne t  work to 
t h e  heat Input.  Macro-thermodynamics i s  used. For instance, a t  a s u p e r f i c i a l  g lance 
one may r e f e r  t o  t h e  FEP device as "compressor". The reverse case o f  mechano-calo- 
r i c  coo l i ng  i n  a plug may be r e f e r r e d  t o  as "expansion device", (or " ideal  superleak 
expander"). Caution i s  needed though t o  avoid a l i t e r a l  i n t e r p r e t a t i o n  i n  terms O f  

c l a s s i c a l  ideas which may lead t o  non-physical consequences . 
A schematic diagram o f  t h e  o r i g i n a l  system o f  t h e  Staas-Severi j n s  vor tex r e -  

f r i g e r a t o r  i s  shown i n  Figure I. There a re  "compressor" and "expander '' PeCUl i a r i -  
t i e s  e luc idated by t h e  two- l u i d  model f o r  du = 0 . "Compression" i s  acfuated by 
the heater (HI which suppl es thermal energy. As s u p e r f l u i d  passes through t h e  
device a t  dp = 0, normal f u i d  l e f t  behind tends t o  accumulate entropy Upstream. 
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appears t o  be not r e s t r i c t e d  t o  these examples and general features a re  presented: 
F i r s t ,  t h e  vortex dynamics i s  discussed. Subsequently, s i m p l i f i e d  r e f r i g e r a t o r  oper- 
a t i o n  i s  considered. The next sub jec t  i s  t h e  FEP p ressu r i za t i on  device. Heat pumping 
performance i s  considered f o r  one o f  t h e  s implest  c y c l e  options, and an ou t l ook  i s  
given. 

2. Vortex Dynamics and Two - F l u i d  Aspects 

The quantum l i q u i d  He l I  has a h igh heat t r a n s p o r t  r a t e  i n  conventional r e f r i g -  
e r a t o r  ducts, unless t h e  f l ow  cross sect ion i s  severely r e s t r i c t e d .  Therefore T - 
gradients  a r e  small i n  usual f l ow  passages. I n  o rde r  t o  generate s i zab le  temperature 
dif ferences, needed f o r  t h e  a p p l i c a t i o n  o f  thermomechanical forces, f i n e  porous 
media, c a l  l ed  superleaks o r  s u p e r f i  I t e rs ,  a r e  used. The I i m i t i n g  case i s  t h e  " ideal  
superieak" w i t h  zero heat f low. The porous medium permits res is tanceless f low (="su- 
perf low") up t o  i t s  c r i t i c a l  v e l o c i t y  ( v  
spec i f i ed  temperature, t h e  v 
c i r c u l a t i o n  and f low res is tance i s  i n i t i a t e d .  Because o f  quant izat ion o f  t h e  l i q u i d  
c i r c u l a t i o n ,  a f i n i t e  energy i s  needed f o r  vor tex motion onset w i t h  v e l o c i t y  
Ponents perpendicular t o  t h e  main f l ow  d i r e c t l o n ,  1. e. vor tex sheddlng . The energy 
needed i s  large f o r  very f i n e  pores. For FEP purposes, c r i t i c a l  v e l o c i t i e s  o f  t h e  
order  o f  I O  cm/s have been considered convenient i n  laboratory  work. Because o f  t h e  
energet ic  r e s t r i c t  ions, t h e  f i ne  p I ugs may be regarded as  "vortex p inn i ng devices" 
below 
superleak c o n s t i t u t e s  a p e r f e c t  vor tex p inn ing component. 

e.g. from wa l l s  toward t h e  f l u i d  i n t e r i o r .  Th is  phenomenon leads t o  a f i n i t e  d i f f e r -  
ence i n  chemical p o t e n t i a l  (p) . I n  t h e  Ideal  superleak dp = 0 i s  observed up t o  
t h e  c r i t i c a l  v e l o c i t y .  Small vo r tex  shedding r a t e s  o f  rea l  plugs a r e  expected t o  
cause o n l y  smal I departures from t h e  ideal  thermodynamic change of  s ta te.  Therefore, 
ideal  processes Involv ing changes of s t a t e  a t  constant chemical p o t e n t i a l  a r e  use- 
f u l  f o r  performance assessment. I t  appears t h a t  minor vortex shedding r a t e s  cause 
o n l y  small departures from t h e  ideal  performance values o f  FEP un i t s .  

We have a flow system described i n  usual hydrodynamic terms supplemented by 
t h e  superf low thermodynamics. The two - f l u i d  model i s  useful  . The ex is tence of 
two in te rpene t ra t i ng  f l u i d  media i s  postulated: There e x i s t s  a viscous normal f l u i d  
component and an i n v i s c i d  s u p e r f l u i d  component ( a t 'koncentrat ions 'I (Pn/P) and 
(pr/p) adding up t o  u n i t y ) .  The f low f i e l d  i s  subdivided accordingly:  There I s  a 
normal f l u i d  f low pa t te rn  and a s u p e r f l u i d  f low f i e l d .  Because of t h e  f i n e  pores, 
t h e  normal f l u i d  motion i s  considered n e g l i g i b l e ,  i n  p a r t i c u l a r  I n  t h e  l i m i t  o f  
p e r f e c t  i m b i l i z a t i o n  o f  superleaks. Thus, i n  t h e  present context  , a t t e n t i o n  i s  On 

1. As t h e  pore s i z e  i s  reduced, a t  a - value a%ainable i s  increased. A t  vsc, l i q u i d  sc 

corn - 

vsc . I n  t h e  ideal  thermodynamic t reatment of  changes o f  s ta te,  t h e  ideal  

Once a vor tex Is a c t i v a t e d  above vsc , a Magnus force provides vor tex shedding 

* 

- t h e  s u p e r f l u i d  described by 

DCs/Dt = - V p  = V P / p  - SOT - ( l /2)(pn/p)1$ ( 1 )  
a 

w i t h  w = Vn - vs = r e l a t i v e  v e l o c i t y  ; s entropy per u n i t  mass; p I i q u i d  d e n s i t y ) .  
For steady, one-dimensional f low w i t h  n e g l i g i b l e  If? term, we have a simple t r u n c a t -  
ed form o f  t h e  preceding equat ion 

*) i n  p a r t  o f  t h e  low temperature I i t e r a t u r e ,  t h e  Gibbs f r e e  energy i s  customar i ly  
denoted as p . In  t h e  present d iscuss ion , t h i s  no ta t i on  i s  adopted w i t h  p =chem- 
i c a l  p o t e n t i a l  per u n i t  mass. 
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-F'tgure 2. Vortex r e f r i g e r a t o r ,  schematical ly; V valve, (o ther  components as i n  
Figure I). 

mass loss and using Equation (41, one ob ta ins  - 
= WF / Q = S A T  / S T ( 5 )  - 

S Is t h e  mean entropy f o r  t he  range from the  bath temperature T t o  t h e  temperature 
(T + AT) a t  t he  pump e x i t .  For very smal I temperature d i f ferences,  S 
t o  t h e  bath value 

becomes equal 
S(T), and t h e  e f fec t i veness  s i m p l i f i e s  t o  

Ce = b T / T  ; AT << T (6) 

A comparison w i th  the  thermal e f f i c i e n c y  o f  a Carnot c y c l e  
fectiveness, i n  t h i s  I i m i t ,  I s  equal t o  t h a t  e f f i c i e n c y  f o r  a low temperature en - 
v 1 ronment. More spec i f  ica I I y, t h e  compar i son Carnot 
t h e  temperature (T + A T )  and r e j e c t s  heat a t  T. 

F igure 3 presents a comparison o f  t h e  FEP ef fec t i veness  w i t h  t h e  thermal e f f i -  
c iency (qT) o f  t he  re la ted  Carnot power cycle. Accordlng t o  Carnot's theorem, t h e  - values c o n s t i t u t e  t h e  best performance r e s u l t s  a v a i l a b l e  Idea l l y .  It Is seen 
3 a t  ce Is always below qT . The ef fect iveness Is about 50 $ lower than t h e  Carnot 
I l m l t .  There Is a cumon asymptote a t  low AT. The parameter adopted i n  F igure  3 
1s t h e  bath temperature upstream o f  t he  FEP u n i t .  A t  s u f f i c i e n t l y  h igh  OT, t h e  FEP 
performance tends toward an asymptote, near 15 % o f  t h e  ideal  heat pump-assisted 
FEP u n i t  [4] . 

Figure 4 shows the  heater power requirements. F igure 4a i s  a p l o t  of  t h e  heat  
Input  r a t e  per mass f low r a t e  (Q/fi), s t a r t i n g  a t  a temperature o f  1.6 K versus the  
temperature d i f f e rence  across the  Ideal pump. The upper curve i s  t h e  ideal  requ i re -  
ment o f  t he  simple FEP . The rea l  pump w i I I need a somewhat l a rge r  power because of. 
departures from the ideal change o f  s t ? t e  charac ter ized  by 
curve dep ic ts  the  power requirements, W/h , per u n i t  mass, o f  t h e  heat pump-assisted 

shows t h a t  t h e  FEP e f  - 
power cyc I e receives heat a t  

dp = 0 . The lower 
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Fig.3. Energetic effectivenessee and thermal e f f i c i e n c y  9 o f  ideal  systems f o r  
various bath temperatures; (HPA-ISL heat  pump-assisred ideal  superleak) .  

Fig.4.  Heater input C Q / i )  and power input (i/A) functions f o r  ideal  FEP systems; 
a .  power required versus 6T , bath temperature 1.6 K; b .  parametric p l o t  of 
the  power required vs. T fo r  various bath temperatures. 

62 



FEP u n i t .  This power i s  low a t  low A T  and r i s e s  monotonical ly w i t h  an 
t h e  temperature d i f ference.  

ncrease i n  

Figure 4b 'summarizes t h e  power input  requirements i n  one graph rnak ng use o f  
a parametr ic representat ion w i t h  t h e  bath temperature (upstream temperatyre) as 
rameter. I t  i s  seen t h a t  t he re  i s  a unique ideal  heater power func t i on  (Q/h) g iven 
by t h e  ideal  superleak c o n s t r a i n t  : ((l/h) i s  t h e  value o f  S T a t  t h e  pump e x i t .  For 
instance, f o r  a mass f low r a t e  o f  r i  = 40 g/s , o r  a vo lumetr ic  flow r a t e  o f  about 
1000 I i t e r d h o u r ,  a heater power o f  t h e  order  o f  40 Watts i s  requ i red  near I .8  K. 
A t  l a rge  temperature d i f ferences,  t h e  heat pump assistance i s  no longer a t t r a c t i v e  
as t h e  power requirement 

pa- 

approaches t h a t  of t h e  s imple FEP u n i t .  

5. Re f r i ge ra t i on  - Heat Pump Cycle Example 

tainment o f  loca l  thermodynamic e q u i l i b r i u m  . Other system cond i t i ons  of t h e  present 
sec t i on  a r e  as fo l lows: steady operation, steady f l ow  o f  l i q u i d  and o f  t h e  t w o  
f l u i d s ,  simp1 i f  led changes o f  s t a t e  using ideal  condi t ions,  such as i sobar i c  changes 
i n  heat exchangers, and ideal  superleak processes a t  constant chemical p o t e n t i a l .  
A s i m p l l f y l n g  t o o l  i s  t h e  i n t roduc t i on  o f  t h e  ideal  heat pump-assisted FEP (dp= 
0 )  and a r e l a t e d  s t a t e  change i n  t h e  "expander I' subsystem. Furthermore, for  q u i c k  
est imates t h e  c o n t r i b u t i o n  from t h e  i n t e g r a l  I S  dT may be neglected i n  t h e  T-range 
near 1.8 K, as discussed elsewhere C43 . The changes of s t a t e  a re  l i s t e d  i n  Table 1. 

One Important assumption i n  t h e  preceding and I n  t h e  present t reatment I s  a t  - 

TABLE 1 . STATE CHANGES OF THE SIMPLE CYCLE p-P-p-P 

Sequence Constra i n t  Subsystem/Component 
i - j  

1 - 2  dp = 0 Ideal FEP,heat pump-assisted 

2 - 3  dP = 0 I sobar i c  a f t e r c o o l e r  (T3 = TI) 

3 - 4  d p = O  Idea I super I ea k"expander" 

4 - 1  dP = 0 Absorption o f  t h e  r e f r i g e r a t i o n  load QR 

The c y c l e  I s  sketched I n  t h e  T-S plane and i n  t h e  P-T plane I n  t h e  Insets  of F igu re  
5. A f t e r  processing of f l u i d  
back t o  t h e  bath temperature TI. Subsequent "expansion" br ings about a low temper- 
ature,  and f i n a l l y  t h e  change o f  s t a t e  from T4 t o  TI I s  assumed t o  be a v a i l a b l e  f o r  
the absorpt ion of t h e  r e f r i g e r a t i o n  load. 

For Instance, t h e  pressure r i s e  i n  t h e  FEP un i t ,  s t a r t i n g  from 1.8 K, produces a 
T4 -value near 1.63 K; (pressure d i f f e rence  achieved across t h e  FEP o f  about 100 
m i l  I i -ba r ) .  Figure 5 includes t h e  equiva lent  Carnot c y c l e  temperature, f o r  an "en- 
vironment*' o f  1.8 K, which has t h e  same r e f r i g e r a t i o n  load as t h e  p-P-p-P Cycle 
under considerat ion.  both temperatures are displayed versus QR . 
versus T . As the  i n i t i a l  '*environmental temperature1* , e.g. 1.8 K , i s  lowered by 
a small 

I n  t h e  FEP, t h e  a f t e r c o o l e r  b r i ngs  t h e  temperature 

The temperature T4 has been p l o t t e d  f o r  var ious pressure Increases i n  F igure 5. 

C o e f f i c i e n t s  o f  performance o f  t he  Carnot c y c l e  (COPICARFJOT a re  shown i n  Fig.6 

reduct ion fLT<<T, t h e  COP i s  t h e  rec iprocal  qT - value of  t h e  power process. 
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6. Perspectives 

S m p l i f i e d  changes o f  s ta te,  w i t h  heat pump assistance of the  FEP process, and 
a s imi a r  "expander ass is ted"  pressure reduction, have been considered. The Imple- 
mentat on o f  near - ideal cond i t ions  by external  means may requ i re  considerable com- 
ponent developments. Therefore o t h e r  approaches toward improvement o f  t h e  very 
simple c y c l e  ought t o  be considered. One poss ib i  I i t y  i s  a counter f  low heat 'exchanger. 
Another one i s  v ia 'Tarnot iza t ion ' '  by means o f  mul t i -s tage operation. 

f low heat exchanger increas ing the  T -range covered by t h e  heat pump process. 
The counter f low avoids excessive entropy production brought about o therwise by a 
la rge  temperature di, f ference between t h e  "high pressure" stream and the"  low pressurew 
stream. 

F igure 7 dep ic ts  a schematic diagram o f  a vor tex  r e f r i g e r a t o r  w i t h  a counter- 

The o t h e r  o p t  ion o f  Carnot i z a t  ion i s  brought about by mu I t  i-stage "compress ion" 
and multi-stage"expansion" . F igure  8 presents an example o f  a three-stage FEP - 
system w i t h  a f te rcoo le rs  (AC) .  The inse t  o f  t h i s  f i g u r e  i s  a sketch o f  t h e  m u l t i -  
stage c y c l e  . As t h e  number of stages i s  increased, t h e  Carnot case i s  approached 
more and more. While t h e  low dens i t y  change makes mul t i -s tage "expansion"*Iess 
t r a c t i v e ,  

for  t h e  T-range near I .8 K i n  t h e  space cryogenics work o f  recent  years. 

I n  t h e  f i n a l  assessment, a major p o i n t  i s  t h e  FEP performance. The ideal  ener- 
g e t i c  e f fec t i veness  f i g u r e s  of a t  most 15 $ are  no t  very  a t t r a c t i v e .  A major advan- 
tage o f  t h e  FEP - supported system i s  t h e  genera l l y  h igh r e l i a b i l i t y  due t o  t h e  ab- 
sence of  moving components 
issue appears t o  be t h e  p o s s i b i  I i t y  of"waste heat f fu t i  I l z a t i o n  
leaks, instrument d i s s i p a t i o n  ra tes ) .  For h igh f i e l d  magnets, an example of l i q u i d  
c i r c u l a t  Ion has been presented i n  Ref. p] . For space Cryogenics systems, t h e  use o f  
a coo le r -ac t iva ted  FEP u n i t  is a v i a b l e  opt ion.  Also 
s o l a r  energy concentrators  t o  t h e  FEP wi thout  t h e  use o f  photo-voltaics. Fur ther  
recent  r e s u l t s  a re  i n  Ref. [8] . 
s p e c i f i c  r e f r i g e r a t i o n  and heat  pumping tasks. 

a t -  
t h e  p o s s i b i l i t y  o f  mu l t i - s ta  e "compression" has received a t ten t i on ,  e.g. 

Ref.[S]for t h e  special case o f  He3 - He 1 d i l u t i o n  r e f r i g e r a t i o n ,  and Reference [61 

(as ide  from valve pos i t i on ing ) .  The most a t t r a c t i v e  
(e.g. vessel heat  

heat might be"piped" from 

I n  summary, a t t r a c t i v e  features o f  t he  He I1 thermomechanics a re  a v a i l a b l e  f o r  

I VACUW 

Flgure 7 . Vortex r e f r i g e r a t o r  w i t h  a counterf low heat exchanger (CFHE), schematical- 
l y ;  AC a f t e r c o o l e r  , CB c o l d  box ; ESL "expansion superleak" , FEP 
founta in  e f f e c t  pump w i t h  heater; V va lve . - - - -  

*) f r o m  a " c l a s s i c a l "  p o i n t  o f  view. 

65 



F i gure 

Ac know 
Senate 

S 
I 1 

8 .  Example of mult i -stage "compression" w i th  th ree  stages o f  FEP u n i t s  -de-  
signated as l ,  ll, I l l  ; AC a f t e r  coolers  i n  He l l  supply tank (schemati - 
c a l l y  ; Inset  : Temperature - Entropy diagram f o r  mul t i -s tage "compressi 
on and "expansion" , schematlcal ly .  
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ADDITIONAL COMMENTS 

Numerous detai ls  of dissipative processes including narrow duct 
phenomena have been presented i n  the survey paper of E. F. Hammel 
a t  the Int. Conf. Low Temp. Phys. LT-10 , 1966 . This work has been 
based on the extensice studies of Keller and Hammel (also documented 
i n  the monograph of W.E. Keller on Helium-3 and Helium-4, Plenum Press 
1969. 

Concerning thermodynamic efficiency figures and similar measures, 
H.B. Callen*presents several examples : (simplified expressions on the 

The rmo dy nami c en gi  ne e f f i c i e ncy 
r i g h t  hand side are Carnot 

values) 

Coe f f i ci  en t o f  ref ri gera tor  performance 

Coefficient o f  heat pump performance 

--------- 
*) THERMODYNAMICS AND AN INTRODUCTION TO THERMOSTATISTICS, 1985, 

John Wiley, New York. 
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